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Abstract
The frequency of occurrence per cascade in bcc iron is studied by PKA energy 30keV using the fitting of potentials on linear
collision sequences (LCS). Two embedded atom potentials that essentially differ by their repulsive branches are used in classical
molecular dynamic (MD) with the code DYMOKA and its binary collision approximation (BCA) The Molière and Born Mayer
potentials are used in the Binary Collision Approximation (BCA). The linear collision sequences (LCS) in iron can be generated
with Marlowe code in BCA, using the potentials parameters. The BCA is used to accumulate cascade statistics and to build linear
collision sequences distributions.
© 2009 Elsevier B.V.
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1. Introduction
In this work, we have compared BCA results with some MD simulations of collision cascades in iron using the
EAM potential developed by Ludwig et al [1]. Full MD does not allow accumulating statistics over large samples of
collision cascades in the energy range of interest for radiation damage studies. This drawback is drastically reduced
by the so-called BCA of MD, on the expense of an approximate treatment of multiple simultaneous interactions. The
BCA is several orders of magnitude less time consuming than MD and therefore allows reasonably significant
statistics in cases of widespread statistical distributions. The variance of the Frenkel pairs frequency distribution
obtained both in the BCA and by MD is quite small, this was already studied by several authors and ten to twenty
cascades are sufficient to limit the uncertainty to a few percent [2].
Vacancy-interstitial pair distribution functions can be constructed in the BCA with good statistics and the value of a
suitable recombination radius can be deduced by matching these distribution functions to the number of remaining
Frenkel pairs in the MD results. The adjustment of the potentials is possible that to fix the screening distance in
Marlowe. The simulation of the cascades to fix energies of 20 keV was launched for T=600 K in order to compare
between the influence of the potentials of MD and BCA on the sequences of replacements. The relative importance
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of linear collisions sequences (LCS) in the production of Frenkel pairs depends on the number of generated
sequences and on their lengths.
2. The MD and BCA models
MD is used to parameterize the BCA and both are now briefly described. The MD code we use, DYMOKA, is a
slightly modified version of CDCMD and more details on the procedure can be found in [3]. In brief, the Newton
equations of motion are integrated using a fifth order Gear predictor-corrector algorithm. The neighbor search is
done through a linked cell method combined with a Verlet list [4]. This makes the code fully linear with the number
of atoms. The interatomic potentials are tabulated and the interpolation of the potential is made through a th5 order
Lagrange polynomial. The effect of electron-phonon coupling has been ignored, the boundary atoms were not
damped to extract heat or to attenuate the out-pressure wave. Periodic boundary conditions were used with a choice
of the simulation box size depending upon the energy of the Primary Knocked-on Atom (PKA). At the beginning of
the simulation, the system of particles is let to equilibrate, for 5 ps, at the chosen temperature, most of the time
600K. This temperature is close to that of reactor vessel working conditions. The Marlowe program was used to
model atomic collision cascades in the binary collision approximation. The model is described through an extensive
literature.
A basic reference is given in [5] and a detailed description is available in [6]. Collision cascades in bulk materials
are described as sequences of binary encounters between which atoms move freely along their scattering
asymptotes. Individual collisions are governed by pair potentials that may have an attractive component [7]. A series
of potential functions is available in the Marlowe package and others may be implemented. The binary collisions are
chronologically ordered so that time represents the driving parameter in the cascade development. We use a
maximal impact parameter close to the first neighbour distance. The binding energy of the atoms to their lattice sites
is fitted to the cohesive energy in the matrix [8]. In order to model thermal disorder, atoms are displaced at random
from their lattice sites. Sampling is achieved according to a Gaussian distribution with a variance determined on the
basis of the Debye temperature, namely, 420 K for iron.
3. Results and discussions
The influence of the interatomic potential has been investigated by doing MD simulations of displacement
cascades with two different potentials [9]. The authors found that the primary damage was very much potential
sensitive. Equilibrium properties of the potential (that is properties arising from the near equilibrium distance
interactions) as well as properties related to its short range part seem to play a role. The two confound potentials
studied had different short distance interaction parts as well as different equilibrium parts. The first is the EAM
potential developed in [10]. It is noted "VS" in what follows. Its repulsive branch was modified in order to better
describe close encounter interactions in the highest energy collisions in the cascades [11]. The second one was
designed in [12] and hardened for the same reason as the former [13]. It is noted “VH” in what follows.
In BCA, the trajectories of the particles were governed by the Moliere and Born Mayer potentials. The influence
of the potential may contribute to affect the focusing efficiency along a LCS and, subsequently, their lengths. It is
attempted to estimate quantitatively the sensitivity of LCS on both the potential and the temperature. Because of the
broad LCS length distributions, such a study can only be carried on a statistical basis.
The screening distance aM _ in Moliere or Born Mayer potential_ is considered as a parameter. It is adjusted to let
the BCA potential match those used for MD in the energy range of a few ten eV. This energy range is typical of
interaction energies involved in LCS. All corresponding potential branches are in good agreement [14]. Calculations
show the comparison of the influence of the best adjustments of Born Mayer potential with VS and VH potential on
the number of LCS and their lengths. We show that, despite of the fact that α -iron is bcc a similar correction
applies.
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Fig. 1: Molière potential adjusted with VS potential (a) and VH potential (b). The screening distances used in the Molière potential
adjusted with VS potential (a) and VH potential (b) are given in the inset.
Therefore, the binding energy bE to be used for LCS generated in the BCA is estimated on the basis of
comparisons with MD. The energy loss in the LCS takes place because of the multiple interactions of a moving
atom within a ring and its next neighbor. Such events cannot be described properly in the BCA. The energy loss per
replacement is about constant in the chain, and this is the reason why the correction to apply in the BCA is the same
all along the chain. In order to evaluate these corrections we found are the same LCS is modeled in the BCA. The
difference in the energy loss per replacement collision is the value of the artificial binding energy to be considered.
The latter can be evaluated for LCS in various directions. In bcc iron, most of the LCS propagate along <111> and
<100> directions. In the case of the VH potential, the binding correction we found is 1.557 eV and 3.011 eV for the
<111> and the <100> directions respectively and 0.68 eV and 2.012 eV for the VS potential. The binding correction
to be introduced in the BCA depends on the LCS direction, and on the model potential used. If we take for the
interaction between the atoms of the cascade two different potentials and that they are close one to the other in the
energy field of first tens of eV, we obtain almost the same average number of the LCS and we will have the same
distributions lengths of the LCS. This shows that this part of the potential has a very large influence on the LCS.
When the screening length is adjusted in order to match the Born Mayer potential to the repulsive branch of the VS
potential, and taking binding corrections into account in the main LCS directions, BCA cascades can be generated
realistically.
The frequency of occurrence per cascade is generated by 20 keV PKA [15]. One typical example is given in
figure 1-a- representing the integral length distribution of LCS occurring in cascades generated by 30 keV PKA in
iron for T= 600K. Statistics is accumulated over 1000 cascades. Figure 1-a- illustrates that LCS are rather short. No
more than 5% of them are longer than three successive collisions. Consequently, their length is smaller than the
estimated radius for the Frenkel pair stability. The numbers of replacement sequences produced as well as their
length distributions are most similar. Despite of the different screening length and the different LCS energy loss
corrections, similar results are obtained as in figure 1-b-. Most LCS remains such short, even when no binding
correction is applied at all. We studied for the Molière potential adjusted with VS potential to PKA energy of 30
keV and a temperature of 600 K (fig 1 -a-). We note a strong dependence of the average number of the LCS and
their lengths with the energy of replacement. The distribution lengths of the LCS for an energy of 30 keV and a
temperature of T=600 K for the three potentials with screening distances are shown on figure 1.
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We compare between the frequency of occurrence per cascade of the best adjustments of the Molière potential
with the VS and Born Mayer potential with VH potential on the number of the LCS and their lengths. Figure 1
shows the distribution of the LCS according to their lengths for the various potentials with an energy of the PKA=30
keV and a temperature of 600 K. All corresponding potential branches are in good agreement in Molière and Born
Mayer potentials. The repulsion between two atoms is smaller when using the Molière and Born Mayer potentials In
bcc iron, most of the LCS propagate along <111> and <100> directions. The binding corrections in <111> and
<100> LCS are given [14]. The binding correction depends on the LCS direction, and on the model potential used.
We used MD simulations in order to estimate the energy loss along ideal replacement sequences.
Fig. 2: Length distribution of LCS in cascades generated in the BCA by 30 keV PKA at the temperatures given in the inset. The primary
momentum directions are selected isotropically at random. The binding corrections in (111) and (100) LCS are given in the inset,
as well as the screening distance used in the Molière potential adjusted with VS potential (a) and Born Mayer potential with VH
potential (b).
By comparing with the energy loss predicted by the BCA, it was possible to correct the BCA for the basically
dynamic nature of the propagation of LCS. The BCA was then used to gather statistical information on the LCS with
different model potentials. Figure 2 shows the average number of the LCS for the three potentials at different
temperatures. The calculation is repeated for different temperatures from 0K to 1400K. The results at 0K and 100K
are almost indistinguishable.
4. Conclusion
The frequency of occurrence depends on the model potential. The variation in the lengths of the LCS is not large.
That comes owing to the fact that we use the same potential (of Molière) with screening length which have values
one near to the other. The MD is used simulations in order to estimate the energy loss along ideal replacement
sequences. By comparing with the energy loss predicted by the BCA, it was possible to correct the BCA for the
basically dynamic nature of the propagation of LCS. The BCA was then used to gather statistical information on the
LCS with different model potentials in a temperature range between 0 K and 1400 K. The length distribution of LCS
is found to be only poorly sensitive on both parameters. A large majority of them are short and LCS thus only
propagates on no more than three lattice distances. This has the consequence that neither the temperature, nor the
frequency of occurrence plays a significant role in their length distribution.
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